Abstract Endocrine treatment of breast cancer is widely applied and effective. However, in advanced disease cases, the tumors will eventually progress into an estrogen-independent and therapy-resistant phenotype. To elucidate the molecular mechanisms underlying this endocrine therapy failure, we applied retroviral insertion mutagenesis to identify the main genes conferring estrogen independence to human breast cancer cells. Estrogen-dependent ZR-75-1 cells were infected with replication-defective retroviruses followed by selection with the anti-estrogen 4-hydroxytamoxifen. In the resulting panel of 79 tamoxifen-resistant cell lines, the viral integrations were mapped within the human genome. Genes located in the immediate proximity of the retroviral integration sites were characterized for altered expression and their capacity to confer anti-estrogen resistance when transfected into breast cancer cells. Out of 15 candidate BCAR (breast cancer anti-estrogen resistance) genes, seven (AKT1, AKT2, BCAR1, BCAR3, EGFR, GRB7, and TRERF1/BCAR2) were shown to directly underlie estrogen independence. Our results show that insertion mutagenesis is a powerful tool to identify BCAR loci, which may provide insights into the molecular and cellular mechanisms of breast tumor progression and therapy resistance thereby offering novel targets for the development of tailor-made therapeutical and prevention strategies.
Introduction
Endocrine therapy of breast cancer has been applied widely and has proven to be effective. Breast tumor development and recurrence can be reduced by long-term anti-estrogen treatment with tamoxifen (or novel selective estrogen receptor modulators) and aromatase inhibitors [1] . In addition, tamoxifen and other endocrine treatment regimens have shown clinical benefit in advanced disease [2] . Tamoxifen competes with estrogen for the estrogen receptor (ER) a and interferes effectively with estrogen signaling. However, in many instances in advanced disease, endocrine treatments ultimately fail due to the development of therapy resistance. Notwithstanding the fact that estrogen antagonists and aromatase inhibitors exhibit alternative modes of action, in nearly all cases tumor cells eventually become estrogen-independent for growth. Despite the detailed insights in ER function, the mechanism of this general therapy failure is still poorly understood [3] [4] [5] [6] [7] . Gene expression profiling has become a powerful tool to identify gene sets associated with disease progression and clinical outcome [8] [9] [10] [11] . However, only a minority of these genes hint at the underlying mechanisms, and most just represent markers. Here we have undertaken an extensive study into the mechanisms leading to estrogen Ton van Agthoven and Jos Veldscholte contributed equally to this research.
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independence using a genome-wide functional screen based on retrovirus-mediated insertion mutagenesis.
Insertion mutagenesis aims to introduce single genetic modifications in the target cells in a random manner leading to an altered and selectable phenotype. Retroviruses are well suited for this purpose since they integrate in a fairly random manner into the target cell genome as part of their life cycle. As a consequence, a particular target gene may become disrupted. More importantly, the presence of strong promoter and enhancer elements in the retroviral LTRs may increase the expression of genes in the immediate proximity [12] . Subsequently, retroviral sequences may be used as a tag to isolate the target loci. The identification of a common Virus Integration Site (cVIS, i.e. a small region on the genome with multiple integration events in independent cell clones) strongly indicates that the retrovirus inactivated or modulated expression of a target gene that underlies the selected phenotype. In recent years, large numbers of cVIS have been defined using high throughput technologies for various types of malignancies in mice [12] [13] [14] .
The human ZR-75-1 breast cancer cell line is completely dependent on estrogen for growth in tissue culture and a representative in vitro model for ER-positive breast cancer. Under anti-estrogen-supplemented culture conditions, ZR-75-1 cell proliferation is completely blocked. In a proof of principle experiment, we have demonstrated that the introduction of a single gene (EGFR) can transform this phenotype [15] . Moreover, random modulation of gene expression by DNA demethylation also caused estrogen-independent cell proliferation [16] . These results provided the basis to initiate a genome-wide functional screen using replication-defective murine retrovirus for the identification of BCAR genes contributing to estrogenindependent breast cancer cell proliferation in vitro [17] . In this manuscript, we describe the comprehensive analysis of the integration events of the defective retrovirus and the target genes responsible for estrogen independence of breast cancer cells. Furthermore, the relevance of these BCAR genes in human breast cancer is established. Our results document the power of such an unbiased strategy and also provide insight into the multiple pathways contributing to evasion of anti-estrogen therapy in breast cancer patients.
Materials and methods

Cell culture
Culture of human ZR-75-1 breast cancer cells was performed as described previously [18] . Transfection experiments in ZR-75-1 cells with candidate BCAR genes were done with FuGENE 6 (Roche Diagnostics GmbH, Mannheim, Germany). Pools of transfectants were selected with G418 (Invitrogen) and subsequently assayed for growth in the presence of 4-hydroxy-tamoxifen (OH-Tam, Sigma-Aldrich Chemie BV, Zwijndrecht, The Netherlands) as described previously [18] [19] [20] . The panel of tamoxifen-resistant cell lines was previously generated by retrovirus infection and selection for OH-Tam resistance [17] . In brief, ZR-75-1 cells were infected with amphotropic, defective murine retrovirus and plated in medium containing 1 lM of OH-Tam. Within 5 weeks after start of selection, proliferating colonies were individually picked and expanded to stable cell lines (further details in the Supplementary M&M, Text S1).
General molecular procedures
To identify the retrovirus integration sites, we have performed inverse and Splinkerette PCR on high molecular weight genomic DNA from these cell lines. The inverse PCR procedure for circularized genomic DNA fragments has been detailed previously [17, 21] . For the Splinkerette PCR [22] , the restriction enzyme-specific adaptor was ligated to digested genomic DNA. PCR was performed using primers selected for the retrovirus, and for the Splinkerette adaptor. Products were purified on agarose gel, sequenced and mapped on the human genome reference sequence assembly by BLAST or BLAT analyses (http://www.ncbi.nlm.nih. gov/blast/ and http://genome.ucsc.edu/cgi-bin/hgGateway). Genes located in the immediate proximity of the integration site were identified by manual inspection. Further details are provided in the Text S1.
For Northern blot analysis total RNA was isolated using RNAzol B (Campro Scientific, Veenendaal, NL). Ten microgram total RNA per lane was size fractioned on 1.2% agarose-formaldehyde gel and transferred onto nitrocellulose. Equivalent gel loading was judged from the Ethidium Bromide-stained 28S and 18S rRNA bands and from GAPD control hybridizations. Probes were derived from cDNA clones or generated by gene-specific PCR, and sequence verified. Sequence analysis was done on a LI-COR sequencer (LICOR, Inc., Lincoln, NE) using Thermo Sequenase DYEnamic direct cycle sequencing kits (Amersham plc, Buckinghamshire, United Kingdom) or on an ABI Prism 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA) using ABI Prism BigDye Terminators v3.0 cycle sequencing kits (Applied Biosystems) according to the protocols of the manufacturers. Probe labeling and hybridization was performed as previously described [16, 18] . Generation of expression constructs for candidate genes was achieved by inserting sequence verified cDNAs into the LZRS-IRES-Neo expression vector [19] .
Protein analyses BCAR2 antibodies against purified His-tagged polypeptides corresponding to a 25 kDa central and a 23.5 kDa C-terminal fragments of BCAR2a (Text S1) isolated from bacteria were raised in rabbits (Eurogentec Nederland BV, Maastricht, NL). Additional antibodies directed against EGFR and AKT2 (Upstate Biotechnology, Inc., Lake Placid NY), total AKT (Cell Signaling Technology, Inc. New England Biolabs, Hitchin, UK), and GRB7 (N-20, Santa Cruz Biotechnology, Santa Cruz, CA) were used according to the recommendations of the supplier. Western blot analyses using equivalent amounts of protein and ECL detection were performed as detailed in Text S1.
Results
Insertion mutagenesis of human breast cancer cells in vitro
To initiate this functional screen, over 800 million ZR-75-1 cells were subjected to infection with replication-defective retrovirus. From these infected cultures, proliferating colonies were recovered within 5 weeks after start of the selection with 4-hydroxy-tamoxifen (OH-Tam) and expanded to 79 cell lines exhibiting stable cell proliferation in the presence of this anti-estrogen. In contrast, no colonies were recovered from 200 million of mock-infected cells within this time interval [17] . These results strongly suggested that growth and colony formation in the presence of OH-Tam could only occur when a virus integration activated a growth control pathway independent of estrogen signaling.
Common Virus Integration Sites (cVIS), harboring the putative target gene [12] , were identified using integration site specific probes and Southern blotting techniques, or Splinkerette PCR in combination with direct sequencing of the PCR products [17, 18, 22] . The majority of the integration sites of the defective virus were recovered and mapped onto the human genome reference sequence assembly and their most proximal genes were identified (Table S1 ). The distribution of the 160 integration sites over the human genome revealed 12 cVIS in independently derived cell lines, which were unlikely (P \ 0.005) the consequence of random virus integration (Table 1 ). In each of these cVIS, the individual integration events were in near proximity (from 1 up to 107 kb) of a single target gene (Tables 1 and S1 ). All integration sites not belonging to the cVIS loci were considered as unique Virus Integration Sites (uVIS) in our cell panel. Since our selection system is nearly background free, it is strongly suggested that each cell line harbors a single VIS causative for estrogen independence (Table S2) .
The hallmark of a target gene in a retroviral integration locus should be the alteration of its expression [12] . To identify targets, Northern blot analyses were performed for the adjacent gene(s) in the respective cell lines (Fig. 1 , and summarized in Table 1 ). Genes found to exhibit altered expression as a consequence of the virus integration were subsequently introduced into estrogen-dependent ZR-75-1 cells and evaluated for their capacity to confer estrogenindependent cell proliferation. Genes meeting all these criteria represent bona fide BCAR genes causing tamoxifen resistance in these human breast cancer cells. Brief descriptions of the retroviral targets in cVIS and selected uVIS are presented below. Further details are provided in the Supplementary Results (Text S2).
Targets in virus integration sites
Proof of concept for the insertion mutagenesis protocol was provided by the identification of the cVIS8 (Table 1) . Expression levels of EGFR mRNA and protein were markedly enhanced in cell lines with a virus integration in cVIS8, while completely undetectable in the parental cells (Fig. 1a) . Previously, the EGFR gene was used to demonstrate that single genetic alterations could transform the hormone dependency of ZR-75-1 cells [15] and was recently identified in transduction experiments of cDNA expression libraries [20] . From these observations it is concluded that EGFR was the target of the virus and caused the tamoxifen-resistant phenotype of these cell lines.
The power of the Splinkerette PCR and chromosome mapping protocol was illustrated by the finding of an additional integration event in the cVIS1 and two within the cVIS3 locus. These integrations occurred outside of the regions previously investigated with conventional Southern blotting [17, 18] . Northern analysis confirmed that the distant virus integration upstream of BCAR1 indeed increased its expression level (Fig. 1b) .
The search for the target gene within the cVIS2/BCAR2 locus, identified by cell fusion-mediated gene transfer [21] , revealed increased levels of BCAR2 mRNAs (*5 and 8 kb, Fig. 1c ). Sequence analysis of full-length cDNAs revealed two major splice variants, one (BCAR2b) encoding a 1,200 amino acid protein identical to TREP-132/ TRERF1 and one unique variant containing 20 additional amino acids due to alternative splicing at the end of exon 8 (BCAR2a) [23, Text S1] . Rabbit polyclonal antibodies directed against BCAR2 revealed increased TRERF1 protein levels (approximately 130 kDa) in cell line VIII-24 (carrying the integration in the cVIS2 locus) compared with other ZR-75-1-derived cell lines (Fig. 1c, bottom) .
In cVIS12, integrations in the proximity of AKT2 caused altered mRNA and protein levels (Table 1 ; Fig. 1d ). As a close family member of AKT2, the integration near AKT1 (uVIS1) was further investigated (Table 1) . In this particular cell line, the levels of the AKT1 mRNA and protein were clearly increased (Fig. 1d) , strongly suggesting that this target was responsible for tamoxifen resistance. The integration event in uVIS2 was downstream of ERBB2 and positioned within intron 11 of GRB7. mRNA and protein levels of both genes were determined and showed that only GRB7 was modulated by the virus (Fig. 1e) .
Northern blot analyses also identified NCOR2 (cVIS4), CITED2 (cVIS9), ZADH2 (cVIS6), TLE3 (uVIS3), SRC (uVIS5), RHOBTB3 (uVIS6), SETBP1 (uVIS7), and GLN3 (uVIS20) as putative BCAR genes with altered expression in the cell lines carrying a viral integration (Table 1 and Text S2 ). In contrast, the nearest targets within cVIS5 and cVIS10 appeared not modulated by the virus (Table 1) . Another 10 genes in other uVIS were not regulated by the virus (Text S2). In approximately 30 tamoxifen-resistant cell lines candidate BCAR genes remain to be identified from the different integrations present (Table 1) .
Retrovirus targets causing estrogen independence
Alteration of expression as a consequence of the virus integration does not provide proof for the causative role of the particular gene. To verify the involvement in estrogenindependent cell proliferation, several candidate genes were transfected into the parental cells and assayed. Cells with over-expression of the putative BCAR gene were tested for colony formation or proliferation in the presence of anti-estrogen. Transfection of EGFR, BCAR1 or BCAR3 into ZR-75-1 indeed caused estrogen-independent, and Fig. 1 and Text S2). Total #: Total number of cell lines with a viral integration in this locus (number of independent integrations). Maximum distance between virus integrations in this locus. P: The probability that integration events in target area (i.e. max distance between the integration sites) of the locus are the result of random viral integration [17] . Position virus in gene: Virus location and orientation (+ = same transcriptional direction) with respect to the nearest gene (for further details Table S1 ) b uVIS with their nearest genes for the remaining cell lines are specified in Tables S1 and S2 tamoxifen-resistant cell proliferation [15, [18] [19] [20] . Cell pools transfected with expression constructs carrying no insert or one of the BCAR2/TRERF1 variants, were tested in the presence of G418 plus estrogen or G418 plus OHTam in a colony assay. BCAR2/TRERF1 cells were able to form OH-Tam-resistant colonies within 18 days (BCAR2a and BCAR2b, respectively 360 and 110 colonies per 1,000 colonies formed with estrogen), while control vectortransfected cells failed to produce OH-Tam-resistant colonies (none out of nearly 40,000 colonies formed with estrogen). From these results we conclude that TRERF1 was the viral target responsible for estrogen independence in our cell model. Pools of transfected cells carrying the AKT2 expression constructs supported estrogen-independent cell proliferation, while vector control cells failed (Fig. 2a) . Similarly, transfected cells carrying the AKT1 expression construct also proliferated in the presence of anti-estrogen OH-Tam (Fig. 2b) . A comparable estrogen-independent growth potential of AKT1-transfected cells was observed in the presence of the pure anti-estrogen ICI 182,780 (not shown). Following the same strategy, GRB7 transfected cells were also able to proliferate in the presence of anti-estrogen (Fig. 2c ). These experiments demonstrate that both AKT family members and GRB7 were targets of retroviral integration events essential for the tamoxifen-resistant proliferation potential of these cell lines.
Discussion
Insertion mutagenesis as a functional screen for estrogen independence
The primary goal was to identify genes causing estrogenindependent proliferation of estrogen-dependent human breast cancer cells. The strategy of mapping nearly all virus integration events in our tamoxifen-resistant cell panel has assigned 43 out of 79 cell lines to 12 cVIS. The target gene conferring the estrogen-independent phenotype has been conclusively identified for five of these cVIS and for two uVIS (Table 1) . In several other VIS, a strong suggestion for the involvement of a particular gene (CITED2, NCOR2, RHOBTB3, SRC, TLE3, and ZADH2) is based on its altered transcription as a result of the nearby integration of a virus. But formal proof by gene transfer or knock down remains required in these cases. In some cVIS cases, clear candidate target genes have not yet been assigned. For cVIS7 this was caused by the absence of documented genes, while in other cases expression changes as a consequence of the virus integration events were not observed for the immediately adjacent genes (for example cVIS5 and cVIS10). This suggests the existence of yet undefined (non-) coding genes in the vicinity of the virus and/or the long-range action of the integrated virus on distantly located genes [13, 14] . In the tamoxifen-resistant cell lines not belonging to a cVIS, the responsible target genes remain to be determined. This implies that another 30 different BCAR genes hide out among the uVIS loci present in these cell lines (Tables 1 and S2 ).
Mechanisms of estrogen independence of breast cancer cells
This study demonstrates that AKT1, AKT2, BCAR1, BCAR3, EGFR, GRB7, and TRERF1 individually play a causative role in estrogen-independent and anti-estrogenresistant proliferation of ZR-75-1 breast cancer cells. The proliferation capacity of the transfectant cells with overexpression of various genes (AKT1, BCAR1, BCAR3, and EGFR) was retained in the presence of a pure anti-estrogen as well, indicating that growth was not stimulated by tamoxifen through the ER [15, 19, 24] . The list of (candidate) target genes of retrovirus insertion mutagenesis causing estrogen independence comprises several functional categories of cellular signaling, i.e. cell surface receptor (EGFR), protein kinases (AKT1, AKT2, SRC), adaptor molecules (GRB7, BCAR3, BCAR1, RHOBTB3), and various transcription regulators (TRERF1, NCOR2, CITED2, TLE3). Analysis of literature and bioinformatics resources provides many functional links between these genes and some have been implicated in anti-estrogenresistant cell proliferation.
Within the cytoplasmic compartment of the cell, signaling from the receptor tyrosine kinases along the RAS-ERK and/or the PI3K-AKT pathway involves several proteins (ERBB2, EGFR, PDGFRA and B, NRG1, FGF17, activated HRAS and RAF1, AKT1) contributing to estrogen independency [for review 4, 7, 20, [25] [26] [27] [28] . Adaptor proteins like GRB7, BCAR1 and BCAR3 may modulate the outcome of these main cytoplasmic signaling routes through selective recruitment of other players [29] [30] [31] . In addition to its adaptor function, BCAR3 may also act as a GDP exchange factor for RAC1 [32] , and in the cross talk between insulin and estrogen signaling [33] . RHOBTB3, a member of a subfamily of Rho-GTPases, may also contribute to small GTPase signaling and modulation of the cytoplasmic signaling events. Within the nuclear compartment, NCOR2 participates in a co-repressor complex resulting in chromatin condensation and may also modulate ligand dependency of hormone receptors and contribute to estrogen independency [34] [35] [36] . TRERF1 was reported to negatively modulate breast cancer cell proliferation by upregulation of G1 cyclin-dependent kinase inhibitors and through co-activation of the progesterone receptor [23, 37] . Whether the transcription regulators CITED2 and TLE3 fit into the same pathways as the cytoplasmic targets or represent alternative signaling routes, remains an intriguing question.
BCAR genes and progression of breast cancer
In breast disease, RHOBTB3 belongs to a gene set capable of classifying tumors with evidence of hypoxia [38] and TRERF1 appears to be down-modulated in breast cancer in comparison to normal epithelium [23] . High expression of EGFR is associated with poor response to tamoxifen treatment [39] . Disruption of the AKT pathway by loss of PTEN, and mutation of PIK3CA and AKT1 is considered to contribute to the development and progression of breast cancer [40] . Furthermore, infrequent AKT2 amplification is observed in breast cancer [41] . High phospho-AKT and low AKT2 levels have been found associated with reduced survival of adjuvant tamoxifen-treated breast cancer patients [42] . We have demonstrated that BCAR1 protein levels are prognostic for disease recurrence and predictive for response to tamoxifen treatment [43] [44] [45] , and BCAR1 also may be associated with HER2-Neu driven tumorigenesis [46, 47] . GRB7 belongs to the 21 gene set (Oncotype DX assay) for breast cancer prognosis prediction and is often co-amplified with ERBB2 in breast cancer [9, 29] and may contribute to the transformed cell phenotype [48] . We have applied quantitative RT-PCR to establish relations between the transcript levels of our (candidate) genes and the clinical parameters of breast cancer. These studies have shown that the majority of these BCAR genes are associated with tamoxifen resistance and/ or tumor aggressiveness of breast cancer (Van Agthoven et al. manuscript in preparation).
In conclusions, this report documents that our nonbiased functional screen provides a set of genes which contribute to estrogen independence in breast cancer cells and, at least in part, associate with clinical breast cancer progression. Future studies will provide detailed insights in the escape routes available to the tumor cells during endocrine therapy and may allow for the development of targeted treatments to block the progression of the disease.
